Abstract
For the past 30 years, the World Health Organization (WHO) has recommended the use of the growth references developed by the United States National Center for Health Statistics (NCHS) of the Centers for Disease Control and Prevention (CDC), based on national survey data collected in the 1960s and 1970s. These are called the WHO growth references, the NCHS/WHO growth references, or the NCHS/WHO growth chart [1] [2] [3] . The limitations of the infant portion of the current NCHS/WHO growth references have been thoroughly assessed in WHO's effort to develop a new international growth reference for young children from birth to 5 years of age [1, 2, [4] [5] [6] [7] In 2000 the CDC published new growth charts to replace the old ones for assessing the size and growth patterns of infants, children, and adolescents in clinical practice and research [8, 9] . In 2006, the Department of Nutrition for Health and Development at WHO, the United Nations University Food and Nutrition Program (UNU-FNP), and the Food and Agriculture Organization (FAO) convened a team of experts to assess the feasibility and appropriateness of developing a single international growth reference or standard for school-aged preadolescents and adolescents. As part of the current effort, the present report focuses on school-aged children and adolescents. After a brief introduction to the current WHO growth references, the report addresses the following issues: limitations of the reference population database; methodological limitations; inconsistency between preadolescents and adolescents; racial or ethnic differences and secular trends in growth and maturation patterns; uncertainty and inadequacy for assessing linear growth in adolescents; new challenges and needs posted by the growing global obesity epidemic; and adjustment for between-population maturity differences.
What are the current WHO growth references?
The current WHO growth references (table 1) were
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recommended by a WHO Expert Committee in 1995 [2] and include two portions: the 1977 NCHS growth charts, which have been previously recommended by WHO [10] , and a new set of age-and sex-specific body-mass index (BMI) and skinfold percentiles for adolescent anthropometry, developed from US data. Previously WHO had made no specific recommendation for this age group.
The NCHS growth charts include anthropometric measurements such as weight-for-height, weight-forage, height-for-age, and head circumference, which were developed on the basis of several datasets (see below). They are generally referred to as the "1977 NCHS growth charts" [11] [12] [13] . These include growth charts for infants from birth to 36 months and for older children from 2 to 18 years of age. In 1978, the CDC produced a normalized version of the NCHS curves. WHO subsequently recommended these normalized growth charts for international use in assessing nutritional status in child populations [10, [14] [15] [16] [17] . These normalized versions of the 1977 NCHS growth charts are thus sometimes referred to as the NCHS/WHO, CDC/WHO, or NCHS/CDC/WHO growth charts. In 1980, a software version of the reference for mainframe computers was developed by the CDC to facilitate the interpretation of growth data from surveys or clinical studies. Throughout the 1980s, several microcomputerbased software versions of the NCHS/WHO references were developed and supported by the CDC and WHO. These have contributed significantly to the wide acceptance of the concept of the international reference by simplifying the handling of anthropometric data [2] . Details regarding the historical background of the currently used NCHS/WHO growth charts can be found elsewhere [1] [2] [3] 14] .
In 1995, a WHO Expert Committee reviewed these growth references and new research findings and reendorsed the use of the 1977 NCHS growth charts [2, 3] . The committee also addressed a number of weaknesses of the NCHS infant growth charts. A major new recommendation by this committee was the use of sex-and age-specific BMI values and triceps and subscapular skinfold thickness percentiles for the classification of obesity in adolescents [2] . These BMI percentiles were developed by Must and colleagues in 1991 on the basis of data from the first National Health and Nutrition Examination Survey (NHANES I) collected in 1971-74 [18] , and the skinfold thickness percentiles were developed by others [19, 20] . The committee acknowledged some potential problems in using these US-derived adolescent BMI percentiles, and information regarding their usefulness to predict future risk in children from developing countries is limited. The committee recommended the use of these references on a provisional basis until better reference data for adolescent growth become available [2, 3] .
Limitations of the reference population and data
There are conceptual differences between growth "references" and "standards. " The WHO Expert Committee defined "reference" as a tool for grouping and analyzing data and for providing a common basis for comparing populations, but not for drawing inferences about the meaning of observed differences. In contrast, a "standard" embraces the notion of a norm or desirable target and thus involves a value judgment [2] . Still, the committee acknowledged that it would be virtually impossible to prevent the use of references as "standards" for judging the nutritional status of individuals and populations. Therefore, the committee pointed out that it is always desirable to choose references that most resemble true standards.
The 1995 WHO Expert Committee defined several desirable features for datasets to be used in the development of a new reference population [2, 3] . These 
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features include the following: the anthropometric data should represent multiple countries and geographic regions, including less-developed countries; the data should reflect the status of healthy populations with unconstrained growth (even when not representative of the whole population); data for children from birth to adolescence should be included; the sample size and data-collection procedures should be appropriate and well documented, with at least 200 individuals in each age and sex group; data for adolescents should include assessment of sexual developmental stage; and secular trends in growth should be small or absent, because they suggest either constrained or excessive growth or weight gain in the reference population. In light of these recommended characteristics, the NCHS/WHO references have a number of limitations. First, the current NCHS/WHO references were developed on the basis of data collected in only one country, the United States. As noted by the WHO Expert Committee, including data from several countries will improve the estimate of variability of physiologic growth and will also minimize political concerns that arise from the use of patterns of child growth of a single country as a standard for all other countries. The WHO Working Group on Infant Growth has chosen a prescriptive approach to develop a truly international growth standard for infants and preschool children based on data collected from several countries [2, 4, 6] . It is likely that the US NCHS reference population does not present the optimal growth patterns for all age groups and for all different world regions (see below).
Second, the NCHS reference population was selected by using a descriptive approach, which when applied to a population like that of the United States, which has an increasing prevalence of obesity, is likely to result in a nonhealthy sample. For example, the distribution of weights in the NCHS reference is positively skewed, with a long tail to the right and a high prevalence of overweight. According to the NHANES I data for 1971-74, the prevalence of overweight (BMI ≥ 25) was 47.7% in US adults and 15.4% in children aged 6 to 18 years (≥ 85th BMI percentile [21] ). The NCHS BMI percentiles for US children are much higher than those of French children. For example, the 85th percentiles for US boys exceeded the 90th percentiles and approximated the 97th percentiles for French boys [2, 3] . This would suggest that the prevalence of overweight among "healthy" US children and adolescents might be higher than 15% if overweight was assessed by using a standard truly representative of a healthy population. Conversely, using 85th BMI percentile from the US charts to classify childhood obesity worldwide would result in many overweight children being classified as lean or of normal weight.
Third, the current WHO reference dataset consists of several unrelated samples, whereas a single survey sample would be more desirable. Several datasets collected in the United States were used, including data from the National Health Examination Survey (NHES II, 1963-65) for the ages of 6 to 11 years, NHES III for the ages of 12 to 17 years, and the First National Health and Nutrition Examination Survey (NHANES I, 1971-74) for the ages of 1 to 18 years. For children under 2 years of age, data from the Fels Longitudinal Study were used. The decision to fit separate curves for the Fels and later data has resulted in a disjunction between the NCHS/WHO references for infants and children and has led to spurious age-related differences in growth status when these references have been used to assess infants and children. These spurious differences, in particular, affect the assessment of growth in height, since length was measured in the Fels study whereas height was measured in the other surveys [1] .
Additionally, the Fels dataset reflects the growth of formula-fed rather than breastfed infants. Furthermore, formula composition and feeding practices of 30 years ago may differ substantially from current recommendations [5, 6, 22] . Similar problems may affect the growth references for older children because of the possible long-term effects of the early feeding experience. In addition, the data collected in the 1960s through the 1970s from US children and adolescents may not reflect the desirable eating and growth patterns for these age groups or the more recent patterns worldwide.
Fourth, the NCHS/WHO references were developed on the basis of cross-sectional data and are inadequate for longitudinal growth monitoring for several reasons: the cross-sectional reference does not express growth as a velocity percentile-it gives no clue as to whether or not a given rate of percentile crossing is unusual; there is no adjustment for regression to the mean, whereby smaller children tend to grow faster; and the rapid changes in velocity due to puberty and variability in timing of puberty are not captured by cross-sectional data. Moreover, for most sex and age groups in the NCHS/WHO references, the sample size was approximately 120. For example, the sample sizes used in developing the BMI percentiles ranged between 91 and 153 [18] , sizes smaller than the recommended size of 200 [2, 3] .
Methodological limitations
Growth assessment parameters-anthropometric indexes
Another limitation of the current NCHS/WHO references is their recommendation of the use of different anthropometric measures and different cutoff points for children and adolescents, particularly in the assessment of overweight and underweight. Age-and sexspecific weight-for-height was used in children (z-score S178 of 2 for overweight and -2 for underweight) and BMI percentiles in adolescents (85th percentile for "at risk of overweight" and 5th percentile for underweight). These different measures cause a number of conceptual, methodological, and practical problems.
Weight-for-height reference is advantageous in that it does not require knowledge of the individual's chronological age. However, the weight-to-height relationship changes dramatically with age and with maturation status. As a result, at a given height, the weight corresponding to a particular percentile is not the same for all ages, so that the meaning of a given weight-forheight percentile differs according to age [2] .
It is recommended that an ideal measure of body fatness should meet several requirements [1, 2] , including the following: the measure should be accurate in assessing the amount of body fat; the measure should be precise, with small measurement error; the measure should predict the risks of health consequences; it should be possible to develop some cutoff points to separate individuals into different groups on the basis of their excess adiposity-related health risks; and the measure should be accessible in terms of simplicity, cost, and ease of use and acceptable to the subjects in order to be useful in clinical settings or epidemiologic studies.
Although none of the existing measures satisfies all of these criteria, the current consensus is that BMI is probably the best choice among available measures, including weight-for-height; BMI can be easily assessed at low cost and has a strong association with body fat and health risks. BMI has been recommended for use in children, adolescents, and adults to assess body weight status [8, [23] [24] [25] [26] [27] .
However, BMI also has a number of limitations as an indirect measure of fatness [28, 29] . One potential limitation is the association of BMI with height in young people, which varies by age and sex [29] . Using data collected in NHANES III for American children aged 2 to 18 years, we calculated the correlation coefficients and the power of height (p) values needed to construct a weight/height index that was not correlated with height (see fig. 1 ). Among boys aged 5 to 16 and girls aged 5 to 11, BMI was correlated with height, and the p values need to be greater than 2 [29] . This confirms the pattern first highlighted by Cole [30, 31] . Franklin [32] presented similar findings of p values for boys aged 6 to 18 from the United States, United Kingdom, Japan, and Singapore. He argued that BMI underestimates the effect of height on weight; taller children tend to have larger BMIs than shorter children, and as a result, they are more likely to be classified as being overweight or obese when age-specific BMI cutoff points are used. Our analyses show that among boys aged 6 to 12 years, tall boys (those in the upper age-specific height tertile) were approximately twice as likely to be overweight as those in the bottom tertile [29, 32] .
Some researchers have argued that there is no intrinsic reason why BMI should be uncorrelated with height. Fat children tend to be taller than average, and the higher BMI matches the extra height [33] . Our comparison analysis based on skinfold thickness and BMI suggests that at least some of the height-related differences in the prevalence of overweight defined by BMI cutoff points is due to the association between gains in height and adiposity during late childhood and puberty [29] , so that within populations fatter children tend to be taller. What remains to be seen is whether the same relationship holds across populations. The large differences in the heights of young people worldwide (see below) underscore the potential problems of using the US BMI percentiles, as recommended by the WHO Expert Committee. This issue will need to 
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be addressed if, as is likely, BMI will be used in a new international standard.
Studies also show that in comparison with classifications of obesity based on direct measures of body fatness, such as percentage of body fat (%BF), the sensitivities of international BMI cutoff points for screening obese individuals are relatively low, although they have good specificities [34, 35] . For example, Reilly et al. [34] found that when the 95th %BF percentile of the study population distribution was used as the "gold standard" of obesity, the International Obesity Task Force (IOTF) BMI reference (see below) had a very low sensitivity, and it differed markedly between boys and girls (46% versus 72%, respectively). In contrast, the local BMI reference (95th percentile) had a much better sensitivity (88%), although both references had a good specificity (99% versus 94%, respectively). Similarly, on the basis of data collected from children and adolescents in Spain, Sarria et al. [35] found that when the 85th %BF percentile was used as the gold standard, the sensitivity and specificity of BMI cutoff points were approximately 50% to 60% and 85% to 90%, respectively. This suggests that BMI may not be sensitive enough for screening overweight children and adolescents. A more direct measure of body fat, such as skinfold thickness, waist circumference, or bioelectrical impedance, is needed instead.
The WHO Expert Committee recommended that triceps and subscapular skinfold thickness measurements be used in addition to BMI for the assessment of obesity in adolescents, in particular to maximize specificity. In reality, such skinfold thickness measurement data are often not available or are difficult to collect. Although the use of skinfold thickness measurements is logically appealing, since they are "direct" measures of fatness, they pose methodological and practical problems. Skinfold thickness and skinfold compressibility vary according to age, site, sex, and possibly ethnicity [18] . Further, in obese individuals, skinfold thickness measurements have poor reliability [18] . To our knowledge, few researchers have used this WHO obesity reference (i.e., both BMI and skinfold thickness cutoff points).
Emerging evidence suggests that other anthropometric measures might be important and need to be considered in developing new international obesity standards. For example, recent studies predominantly among adults suggest that waist circumference, which is not used in the current NCHS/WHO references, is more closely associated with chronic diseases such as cardiovascular disease and type 2 diabetes [36] [37] [38] . Waist circumference may be particularly useful for monitoring changes in individuals in comparison to BMI.
Selection of cutoff points
The NCHS/WHO references, in particular the anthropometric measure cutoff points such as the 2 and -2 z-scores and 85th percentiles, were chosen mainly on the basis of statistical criteria rather than of health outcomes. Ideally, the criteria should be established on the basis of health outcomes, and cutoff points should be chosen at the point most appropriate for the particular purpose in view. The selection of appropriate cutoff points for assessing "high-risk" individuals and population groups should be based on evidence of increased risk of morbidity, mortality, and/or impaired functional performance [1] . However, the reality is that to assess the relationship between different indicators and cutoff points and health outcomes is more difficult in children than in adults. In children, two different types of health outcomes may need to be considered: short-and intermediate-term health outcomes during childhood and adolescence, and long-term health outcomes in adulthood. Well-designed long-term longitudinal studies are needed.
Pelletier [39] suggests that the general approach for selecting cutoff points for assessing growth and nutritional status should be based on three types of considerations: health and functional consequences of deviations in a given anthropometric indicator; differences in age, maturation, sex, ethnicity, and other factors that affect anthropometric measurements independently of, or in conjunction with, the health or social causes or consequences of obesity; and the intended or potential uses of anthropometric indicators, such as clinical diagnosis, policy formulation, social utility, and advocacy for particular problems and solutions. Pelletier argues that on the basis of these considerations, a logical conclusion would be that different indicators and cutoff points are needed for different uses. However, past experience suggests that this conclusion is not likely to be accepted by various user communities, including international expert groups, because of the strong desire to agree upon and promote single, simple indicators and cutoff points for all uses.
Nevertheless, considering our increasing understanding of the complexity of assessing children's and adolescents' growth and the new reality of a growing global obesity epidemic, and considering that many developing countries are facing a double burden of under-and overnutrition problems, the international community and the public might accept complex indicators and cutoff points if appropriate single, simple indicators and cutoff points cannot be developed.
The current NCHS/WHO references use both z-scores and percentiles. In particular, z-scores of -2 and 2 as well as the 97th and 3rd percentiles are used for children, and the -2 z-score as well as the 5th, 85th, and 90th percentiles are used for adolescents. A critical problem is that z-scores of 2 and -2 correspond to
Limitations of WHO growth references S180 percentiles of 97.7 and 2.3, whereas the 85th and 5th percentiles correspond to z-scores of 1.04 and -1.65, respectively. Thus, these two methods will generate very different estimates of prevalence for children and adolescents. For example, even if two children approximately 10 years of age have similar nutritional statuses based on a gold standard, one may be classified as "normal" and the other as having a nutrition problem simply because of their age difference (e.g., an adolescent aged 10.1 years and a child aged 9.9 years).
The use of z-scores was recommended because of several considerations. First, z-scores are calculated on the basis of the distribution of the reference population (both the mean and the standard deviation); thus, they reflect the reference distribution. Second, as standardized measures, z-scores are comparable across ages, sexes, and indicators [40, 41] . Third, another major advantage is that summary statistics such as means and standard deviations can be calculated from z-scores. In addition, z-score values can quantify the growth status of children outside of the percentile ranges. However, a limitation of z-scores is that they are not easy to explain to the public and may be of limited use in practice. In contrast, percentiles are easily understood and used by both health professionals and the public. The percentile refers to the position of an individual on a given reference distribution. During recent years, a growing consensus among scientists has been to use sex-and age-specific BMI percentiles as cutoff points instead of weight-for-height z-scores for assessing overweight and obesity as well as thinness and underweight in children over 2 years old [1, 2, 8, 23, 24] . However, a limitation of using percentiles is that the same interval of percentile values corresponds to different changes in absolute values in different anthropometric indicators. In addition, the use of percentiles does not allow for quantification of the change in percentile values near the extremes of the reference distribution [2, 42] . For this reason, percentiles should not be used to assess change in status over time; change in z-score is a better measure. Future research needs to examine the associations between anthropometric indicators and cutoff points proposed for assessing growth and long-term health outcomes. The results may support the use of different cutoff points than those developed on the basis of statistical approaches.
Statistical methods and techniques used for curvefitting and smoothing
Since the development of the NCHS/WHO references, new and better statistical techniques and strategies have been developed for curve-fitting and smoothing. For example, the development of the 2000 CDC growth charts was carried out in two stages: curve-smoothing and transformation. The least mean square (LMS) method that was introduced in the 1980s [43] [44] [45] was modified for use in the transformation stage [8, 9] . When the 1977 NCHS/WHO growth curves were developed, a least-squares-cubic-spline technique was used [13] . The NCHS/WHO BMI and skinfold thickness percentiles were developed with the use of LOWESS (LOcally WEighted regression Scatter-plot Smoothing) [18] . Different methods will affect the final curves and cutoff points. For example, the BMI percentiles developed by Must et al. [18] and Hammer et al. [46] on the basis of the NHANES I data are not identical. Take the 5th percentile for white adolescents aged 18 years as an example. According to Must et .0. Different curve-fitting and smoothing techniques were used in these two studies. In general, methods that summarize the centiles as an underlying distribution, such as the LMS method, "borrow strength" from neighboring ages and centiles and thus make better use of the data than the separate centilefitting methods used in the NCHS/WHO references.
Inconsistency between preadolescents and adolescents
Different anthropometric parameters, terminology, and statistical cutoff points are used in the current NCHS/WHO references regarding the classifications of overweight, obesity, and underweight for preadolescents (< 10 years) and adolescents (≥ 10 years) (table 1). This inevitably leads to inconsistencies of prevalence estimates across the age boundary. A new reference should ensure that the same definitions apply across the age range in order to avoid these problems of inconsistency.
Racial or ethnic differences and secular trends in growth and maturation patterns
Racial or ethnic differences and secular trends in growth, body composition, body build, and sexual maturation are likely to complicate the interpretation of anthropometric measures and cutoff points [28, [47] [48] [49] [50] [51] [52] [53] [54] . Some of these problems are addressed in other articles in this issue. An important reason for supporting the use of the US CDC/NCHS growth charts as an international standard (i.e., the NCHS/WHO references) was the consensus that environmental factors rather than genetics are the main determinants of betweenpopulation differences in child growth. Many studies of affluent populations have found that the mean S181 heights of young children differ little across ethnic groups in comparison with the socioeconomic variability within a given ethnic group [55] . Data collected among privileged groups of children in developing countries show that child growth is influenced mainly by socioeconomic status and not by race or ethnicity, and that the distributions of weight-for-height and height-for-age values for the privileged groups and the US CDC/NCHS reference population are nearly identical [15] .
It is worth noting that the consensus that environmental factors rather than genetics are the main determinants of between-population differences in child growth applies mainly to young children; however, limited information is available about older groups, and not all researchers share the consensus view. For example, Ashcroft and Desai [56] reviewed data collected from infants and children of African, Indian, Chinese, and European origin in Guyana and Jamaica in order to compare the influence of ethnic origin and environment on anthropometric measurements. They found that the mean heights and weights of African and European children were greater than those of Indian and Chinese children. African children had greater weight-for-height and greater arm circumferences but smaller triceps skinfolds than Indian children. The authors argued that these differences, which could not be explained by nutritional or other environmental causes, indicated that ethnic origins could not be disregarded when assessing nutritional status by anthropometric measurements. It is accepted that there are some variations in the growth patterns among children of different racial or ethnic groups even in developed countries, although these variations are relatively small compared with the large worldwide variation in growth related to health, nutrition, socioeconomic status, and environmental factors [1] . In table 2 we present the height medians for 10-and 12-year-old boys and girls in several growth references and populations as examples. Some experts in the field have argued against the use of universal international references [65] .
A limited number of studies have examined the between-population differences in older children's and adolescents' growth patterns. Growing evidence suggests that there are large between-population differences in their growth and sexual maturation patterns (see other papers by Beunen et al. [66] and by Haas and Campirano [67] in this issue). This is likely to pose even more uncertainty and concern regarding the use of the US NCHS reference in populations other than the US population, in particular populations in developing countries [2] .
Evidence is insufficient to disregard the contribution of genetic factors to the between-population differences in growth in adolescents, especially height. Data collected from a group of 818 Bengali boys from middle-class families in India showed that the median height curve of the boys had a similar shape to that of the NCHS/WHO reference but on average was approximately 5 cm lower than the NCHS/WHO reference (ranging from 2.4 cm to 7.8 cm) [68] . The researchers suggested that these differences were the result of a combination of genetic and environmental influences. Another, more recent study conducted among affluent urban Pakistani adolescents aged 10 to 15 years found that the younger adolescents were taller than the US 2000 CDC growth references but the older adolescents were shorter [69] .
Some studies have shown differences in young people's height across industrialized countries (see table 2), and other data suggest that considerable differences may exist between different ethnic groups even [60] reported that children in central and northern Italy were taller and heavier than their counterparts in the South. At the end of the growth period, the average difference between the Center and North and the South was 2.4 cm for girls and 2.7 cm for boys. The authors argued that these differences in height were unlikely to be due to social, environmental, or nutritional factors. In addition, published data show that age at adiposity rebound varies across populations [29] . Secular changes in growth, body composition, and sexual maturation may complicate the interpretation of anthropometric measures such as weight-for-height and BMI. This poses a challenge for the development of both local and international anthropometric references. For example, Wells et al. [53] showed that for a given BMI value, contemporary Cambridge children have more fat mass and less lean mass than the British reference child. Their findings suggest that BMI-based assessments have underestimated the increase in children's fatness. Changes over time in the relationship between BMI and body composition will give a misleading predicted risk of future adult illness. These changes in the relationship between BMI and health outcomes may make it difficult to justify using fixed age-and sex-specific BMI cutoff points developed from another country such as the United States to assess obesity, particularly in societies that have been experiencing dramatic socioenvironmental changes. Thus, there are two key decisions involved: selection of the database (local data versus data from other places) and choice of cutoff points (e.g., 85th or 90th percentile). However, the reality is that unless each country develops its own reference, which is not feasible or recommended [2] , we will inevitably have to use references developed on the basis of data collected from some populations in many other countries.
Uncertainty and inadequacy in assessing linear growth in adolescents
As addressed in previous sections, there are considerable between-population differences in adolescents' linear growth (see table 2 ). It is likely that at least a part of these differences is due to genetic factors, and this has fueled the debates and concerns regarding the use of growth standards developed on the basis of data from one country to assess the linear growth in other populations, in particular in developing countries. Such concerns were expressed in the WHO Expert Committee's 1995 report [2] .
A small change in the standard can result in large differences in the prevalence of stunting. For example, Eckhardt and Adair [70] compared the NCHS/WHO and 2000 CDC references for stunting in Filipino children from birth to 16 years. Although the CDC stated that the differences between the two references were minor on the basis of US data, these authors found that the differences in the prevalence of stunting according to the two references were large and inconsistent. For example, the prevalence was approximately 45% on the basis of the NCHS/WHO reference versus 61% on the basis of the 2000 CDC reference in girls aged 8.5 years, 47% versus 37% in girls aged 11.5 years, and 44% versus 48% in girls aged 15 years. On the basis of the NCHS/ WHO reference, the prevalence remained relatively consistent between the ages of 8.5 and 15 years, whereas on the basis of the 2000 CDC reference, it decreased. Similarly, Moestue et al. [71] found differences in stunting prevalence among Bangladeshi children depending on whether the NCHS/WHO, CDC 2000, or British 1990 reference was used.
The growing global obesity epidemic
The NCHS/WHO references do not meet the need to address the growing global obesity epidemic. Increasing numbers of studies published worldwide show that the prevalence of overweight and obesity has increased over the past two decades in both developed and developing countries and that we are facing a global epidemic of childhood obesity [72, 73] . Traditionally, the WHO growth references have been developed and widely used with a focus on addressing malnutrition problems. To assess childhood obesity, different classifications and references have been advocated by different organizations and used in different regions and countries (see table 3 ).
For example, recently a number of countries, including the United States, the United Kingdom, France, and China, have developed or re-endorsed their own BMI percentiles for the classification of child and adolescent obesity. These BMI cutoff points differ considerably [8, [75] [76] [77] [78] , which can result in very different estimates of obesity prevalence. For example, Zimmermann et al. [79] compared the BMI values of a representative national sample of 595 6-to 12-year-old Swiss schoolchildren with the US, UK, French, and Swiss references. Depending on which reference was used, the prevalence of obesity varied between 9.7% and 16.1% and the prevalence of overweight between 21.7% and 34.2%.
The WHO weight-for-height references for defining overweight in children have been used in many previous studies. However, the use of the WHO references for defining overweight and obesity in adolescents has been very limited. Many researchers have chosen instead to use the US 85th and 95th BMI percentiles developed by Must et al. [18] or their local references, such as 120% of ideal body weight. This has made it S183 difficult to make international comparisons. In order to develop a universal reference for the classification of childhood obesity, Cole et al. developed a series of sex-and age-specific BMI cutoff points based on data collected in six countries (the United States, Brazil, the United Kingdom, Hong Kong, the Netherlands, and Singapore) and linked to the WHO-recommended BMI cutoff points of 25 and 30 used to define overweight and obesity in adults [24] . These cutoff points differ from the current WHO BMI cutoff points and therefore yield different estimates of the prevalence of obesity [21, 80] . These BMI cutoff points are also called the International Obesity Task Force (IOTF) reference.
Using national data collected from the United States, China, and Russia, we found that if the US BMI 85th percentiles (the NCHS/WHO reference for adolescents) and the IOTF BMI reference were used to define overweight, the prevalence was much lower among adolescents (10-18 years) than children (6-9 years) in China and Russia, but the prevalences among adolescents and children were similar in the United States [21] . We suspect that the age-related difference in prevalence in China and Russia may be due to a possible difference between the sensitivity of these references in different age groups. In other words, these references may be more sensitive in identifying overweight children than overweight adolescents in low-and middle-income countries, for two reasons: growth and development patterns among populations and the BMI-age relationship in developing countries may be different from that in the NCHS/WHO and IOTF reference populations; and between-population differences in sexual maturation status may exist. Children and adolescents from low-and middle-income countries mature later than the reference populations [50, 51, 81] . Therefore, the current WHO reference may not be appropriate for longitudinal assessment of pediatric-age populations. Although a large body of literature shows that, in general, about one-third of obese children and one-half of obese adolescents in the United States and many other industrialized countries remain obese as adults [82, 83] , our research and that of Mo-suwan et al. show that on the basis of the WHO and IOTF references, only approximately 10% of overweight children remain overweight as adolescents 5 to 6 years later [84, 85] . We suspect that at least part of the remarked differences is due to a lower sensitivity of the reference in identifying overweight individuals during adolescence than during childhood in developing countries [29, 84] .
Use of the NCHS/WHO references may result not only in an underestimation of the obesity problem among older children and adolescents in developing countries, but also in an overestimation of the problem of undernutrition in this age group in these countries. This will cause considerable misclassification of the nutritional status of individual children. In the study Limitations of WHO growth references S184 of Indian boys mentioned above, de Onis et al. [68] reported that the NCHS/WHO reference as well as three other European BMI-for-age references yielded an unrealistically high prevalence of underweight. On the basis of the NCHS/WHO references, the prevalence of underweight was 51%, as compared with a low prevalence of stunting of 11.2%. Recently several researchers have raised concerns about the use of international references for the classification of childhood obesity, similar concerns exist about the WHO references regarding obesity [29, 86, 87] . A dilemma is that according to the current consensus, obesity is considered a disease. Thus, ideally it should be defined primarily on the basis of health consequences and not on the basis of fixed statistical cutoff points. A corollary of this view is that local references have advantages when used for clinical assessment. On the other hand, an appropriate international standard is beneficial for public health use [2] . To develop a new international obesity standard, these issues need to be considered. One possible solution may be to develop an approach for the adjustments of between-population differences and to provide alternatives to serve different goals, as was recently recommended by a WHO Expert Consultation for the classification of obesity in adults in certain populations [88] . Recent evidence suggests that the associations between BMI, percentage of body fat, and health risks are different in Asian and European populations. A substantial proportion of Asian people with BMIs lower than the current NCHS/WHO cutoff point of 25 for overweight are at high risk for type 2 diabetes and cardiovascular disease. The WHO Expert Consultation identified BMI values of 23.0, 27.5, 32.5, and 37.5 as potential public health action points and proposed methods by which countries could make decisions about the definitions of increased risk for their adult populations, although they recommended that the WHO BMI cutoff points (i.e., 25 and 30) should be retained as international classifications.
Adjustment for between-population difference in maturity
Although the WHO Expert Committee suggested that between-population maturity differences should be taken into consideration when interpreting the anthropometric measures on the basis of chronological age, they did not provide specific and practical recommendations for the adjustment of between-population differences in sexual maturation. To our knowledge, few researchers or health professionals have attempted to adjust for maturity differences when reporting their results. Yet sexual maturation is closely associated with growth patterns and nutritional status in children and adolescents. A large and steadily growing body of literature has addressed these issues.
It is well known that there are large between-population differences in the timing and patterns of maturation [50] [51] [52] 81] . For example, 11-year-old American girls are likely to be at different maturation stages and to have different growth rates from their counterparts in India. Using US NHANES III data, we found a strong association between maturation and overweight in both girls and boys [89] . Early-maturing girls were twice as likely as average-and late-maturing girls to be classified as overweight. In contrast, early-maturing boys were less likely to be classified as overweight FIG. 2 . Unadjusted and maturation-adjusted prevalence of overweight in Chinese and Russian girls according to age group. Young: 10 to 13 years. Old: 14 to 18 years. The adjusted prevalence was calculated by using maturational age-matched body-mass index (BMI) cutoff points (maturational age = chronological age-0.9 for China, and maturational age = chronological age-0.4 for Russia); the unadjusted prevalence was calculated by using chronological age-matched BMI cutoff points. The total sample size was 1,316 for China and 744 for Russia. Adapted from Wang and Adair [90] S185 (odds ratio, 0.4). Using national survey data for adolescent girls in the United States, China, and Russia, we examined the potential influence of the adjustment of between-population maturation differences on estimates of overweight prevalence [90] . Our analysis suggests that the adjustment could affect the estimates considerably for Chinese and Russian girls (see fig. 2 ). The adjustment increased the prevalence estimate by about one-quarter to one-third (in relative terms) for adolescent girls in China, where children matured later than the reference population, but decreased the estimate in the United States, where children matured earlier. The adjustment had a greater effect in girls around the age of puberty (10 to 13 years) than in older girls (14 to 18 years).
One additional issue that needs to be highlighted is "adiposity rebound, " which refers to the second increase in BMI during early childhood [91, 92] . It is of concern that between-population differences in the patterns of adiposity rebound may exist-in particular, between populations in industrialized and developing countries. This may affect the estimate of obesity prevalence for children at around the age of adiposity rebound when the international BMI references based upon data collected in a particular wealthy society are used. Our preliminary analysis shows that differences exist in the timing of adiposity rebound ( fig. 3) , and that there are secular trends toward an earlier age of adiposity rebound in some populations [29] . National representative survey data show that the age of adiposity rebound is around 6 years in France, the Netherlands, and the United Kingdom, 5.5 years in the United States, 5 years in Italy, but 7 years in China. Interestingly, recent data collected from a large sample of 96,104 children in Shanghai, the largest and most prosperous city in China, where the living standard is comparable to that in many industrialized countries, show that the age of adiposity rebound has fallen to around 5 years [29] . The timing of the adiposity rebound corresponds to the degree of BMI centile crossing in individuals or groups [93] . An early rebound indicates centile crossing upwards, whereas a late rebound means that BMI is crossing centiles downwards. This pattern of change in BMI means that the age of adiposity rebound inevitably predicts later BMI, as was first shown by Rolland-Cachera et al. [91] . This association between centile crossing and later changes in BMI applies at all ages, not just at around 5 years, so the adiposity rebound should not be viewed as a critical period for obesity development.
Conclusions
In summary, the NCHS/WHO growth references have played an important role in the past for international use in assessing child and adolescent growth and nutritional status. The US NCHS data collected in the 1960s and 1970s were considered the best available at the time for the development of growth references for international use. However, the NCHS/WHO growth references now suffer from a number of theoretical, methodological, and practical problems. The NCHS/ CDC has developed a new set of growth charts to replace these old references in the United States, and WHO has recently developed and recommended the use of a new international reference for infants and preschool children. The global obesity epidemic, which affects both industrialized and developing countries, poses another challenge to the NCHS/WHO references. The history of the development and evolution of the FIG. 3 . Median body-mass index (BMI) according to age and adiposity rebound among boys in China, Germany, Italy, the Netherlands, Sweden, the United Kingdom, and the United States. Adapted from Wang [29] Limitations of WHO growth references S186 WHO-recommended growth references over the past several decades is a dynamic one. Improvements and changes are often made when adequate new knowledge and better data are available. There is a need for a new international reference to assess the nutritional status and growth of school-aged children and adolescents. A reevaluation of the NCHS/WHO references and the development of a new international growth reference for children and adolescents are therefore two goals of high priority.
